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1.  INTRODUCTION 


Diuing  die  eariy  stage  of  the  gun  interior  ballistic  cycle,  the  cmcial  {Hocess  is  the  propagation  of  an 
ignition  or  flame  front  through  the  packed  bed  of  unburned  propellant  grains  or  sticks.  Few  concerns  arise 
as  long  as  the  flamespreading  process  is  rapid  and  reproducible.  However,  if  the  solid  propellam  happens 
to  be  difficult  to  ignite  (e.g.,  low  vulnerability  propellant),  or  if  the  strength  of  the  ignition  system  is 
marginal,  significam  delays  can  arise  in  the  propagation  of  flame  through  the  piqpellam  bed.  Delays  in 
flame^reading  often  lead  to  combustion  chamber  conditions  that  prmnote  large  amplitude  pressure  waves 
(e.g.,  Horst  1983).  Diagnosing  and  correcting  anomalous  behavior  associated  with  igniricm  and 
flamespreading  would  be  much  easier  with  a  better  understanding  of  the  entire  process. 

The  convective  ignition  process  in  many  gun  systems  is  dcuninated  by  a  three-dimensional  flow  field 
as  die  result  of  the  combustion  chamber  geometry,  a  center-core  igniter,  a  projectile  base  which  {xotrudes 
into  the  chamber,  ammunition  in  separate  bags.  etc.  Under  these  conditions,  it  is  difficult  to  examine 
fundamental  aspects  of  the  fnocess  when  the  event  is  acccunpanied  by  an  anomalous  time  delay.  The 
present  study  is  a  deliberate  attempt  to  remove  these  complications  by  employing  a  laboratory  device  with 
simplified  geometry  which  encourages  combustion  within  a  compacted  granular  bed  to  propagate 
essentially  as  a  planar  wave. 

A  primary  focus  of  this  investigation  is  directed  toward  low  vulnerability  i»opellants,  often  referred 
to  as  LOVA  propellartts.  The  reduced  vulnerability  to  various  hostile  threats  is  often  associated  with  (a)  a 
higher  threshold  for  thermal  ignition  and  (b)  slower  burning  rates  at  low  pressure.  However,  these  very 
properties  can  also  create  difficulties  in  the  ignition  sequoice  of  the  gun  system  as  discussed,  for  example, 
by  Horst  (1983).  Since  in  many  ways,  die  propagation  of  a  convective  ignition  front  through  a  bed  of 
granular  energetic  material  is  poorly  understood,  it  is  not  surprising  that  theoretical  descriptions  in  various 
interior  ballistic  models  are  rather  elonentary.  As  a  result,  the  models  have  not  had  much  success  in 
predicting  scenarios  involving  pronounced  time  delays  associated  with  estaUishing  combustiort  A  data 
base  from  the  inesent  experiment  should  be  helpful  in  validating  improved  models. 

A  discussion  of  a  number  of  previous  experiments  that  address  ignition  of  a  single  grain  and 
compacted  aggregates  can  be  found  in  Kooker,  Chang,  and  Howard  (1992).  An  important  dqparture  finom 
much  of  the  previous  work  is  that  die  current  experimoit  is  not  intoided  to  simulate  a  particular  inimer, 
or  to  evaluate  the  performance  of  a  class  of  igniter  materials.  The  objecL  /e  here  is  to  understand  ignition 
and  longitudinal  flamespreading  in  a  bed  of  granular  gun  {nopellaitt.  Features  of  the  design  were  first 
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discussed  in  Kuoker,  Chang,  and  Howard  (1992).  An  attempt  was  made  to  design  a  closed-volume 
ap(»ratus  witii  an  ignition  source  that  generates  a  i^anar  wave  composed  of  gas-f^iase  products  only,  and 
would  permit  the  gas  composition  of  the  igniter  gases  to  be  altered.  An  ignition  stimulus  diat  includes 
condensed-i^iase  products  is  known  to  be  effective,  but  these  condensed-frfiase  products  are  difficult  to 
describe  in  a  theoretical  model  The  presem  design  deliberately  promotes  an  ignition  stimulus  comprised 
of  gas-frfiase  products,  which  ihould  allow  a  data  base  generated  from  this  experiment  to  be  compared  to 
interior  ballistic  model  predictions.  The  chamber  volume  is  closed  (as  opposed  to  a  flow-through  device) 
to  simulate  conditions  in  the  gun  combustion  diamber  that  will  tn^  arnl  retain  all  pyrolysis  products  from 
the  solid  propellant  Finally,  the  ignition  wave  should  have  a  rise  time  of  2-4  ms  and  maintain  a  pressure 
level  within  the  range  of  1-4  MPa  for  the  purpose  of  recreating  the  margirtal  ignition  oivinMiment 
suggested  by  the  simulator  experi  tits  of  Chang  and  Rocdiio  (1988). 

The  current  chamber  design  shares  several  ideas  with  the  early  Perm  State  experiment  which  may  be 
the  first  attempt  to  employ  a  controlled  enviroiunent  for  studying  convective  ignition  and  flamespieading 
in  a  granular  propellant  bed  (Kuo  et  al.  1976;  Kuo  and  Koo  1977).  Because  of  interest  in  small-caliber 
ammunition,  the  granular  propellam  was  confined  in  a  sectitm  of  a  30-cal.  rifle  barrel.  Ignition  was 
accomplished  by  ^ark-igniting  an  Kj/Oj  mixture  held  in  an  adjacem  diamber,  combustion  gases  driven 
through  a  nozzle  plate  formed  the  igniter  wave  in  the  flow  diamber.  The  time-history  from  the  wall- 
mounted  pressure  transducers  gave  clear  evidence  of  a  steepening  pressure  fnmt  propagating  through  the 
chamber,  which  is  an  important  result  from  ttiis  work.  All  data,  however,  were  generated  from  a  single 
granular  propellant,  and  hence,  it  is  not  possible  to  draw  general  conclusions  about  many  aspects  of 
convective  ignition. 

Of  particular  interest  in  the  present  study  are  propellants  widi  distinctly  different  low-pressure  flame- 
zone  characteristics,  such  as  the  LOVA  solid  propellant  M43  (RDX,  CAB  and  NC)  and  the  triple-base 
propellant  M30A1  (NQ,  NC,  and  NG).  Recall  that  for  M43  in  the  pressure  range  up  to  4  MPa,  the  visible 
final  flame  zone  appears  to  stand  above  the  propellant  surface,  separated  by  a  "dark  zone”  (e.g.,  see 
discussion  in  Vandeihoff  et  al  [1992]  and  Miller  (1992, 1993]).  Double-base  solid  propellants  also  exhilnt 
this  characteristic.  By  contrast,  in  the  same  pressure  range,  M30A1  shows  evidence  of  a  vigorous  viable 
flame  zone  at  or  close  to  the  propellant  surface  (Miller  1993).  The  current  authors  feel  that  these 
differences  in  flame  structure  at  low  pressure  could  have  a  major  influence  on  the  behavior  of  the  solid 
propellant  in  a  convective  ignition  environment  The  present  study  hopes  to  eventually  unravd  how  the 
chemical  decomposition  process  interacts  with  the  fluid  mechanics. 
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2.  FLAMESPREADING  CHAMBER  EXPERIMENT 


Figure  1  is  a  schematic  of  the  dual  chamber  apparatus  designed  to  meet  the  objectives  stated  in 
section  1.  The  operation  is  straightforuraid.  A  small  quantity  of  ball  powder  is  burned  in  the  igniter 
chamber  which  is  sealed  by  a  diai^utigm  and  a  multiple-nozzle  plate  from  the  flow  chamber  which 
contains  the  sample  granular  material.  When  the  diaphragm  bursts,  combustion  gases  initially  confined 
in  the  igniter  chamber  are  driven  through  the  nozzle  plate  forming  a  planar  wave  of  hot  gases  which 
propagates  through  the  flow  chamber.  The  rise  time  and  strength  of  the  ignition  wave  are  functions  of 
the  amount  of  ball  powder  burned  in  the  igniter  chamber,  the  burst  pressure  of  the  diaf^gm  covering 
the  nozzle  plate,  the  size  of  the  nozzle  holes,  etc.  In  the  present  series  of  experiments,  the  plastic  liner 
(which  permits  cinematograqrhy  through  openings  in  the  outer  steel  chamber)  was  replaced  by  a 
12.7-mm-thick  aluminum  liner.  Pg 


Figure  1.  Schematic  of  flamesoneading  chamber  apparatus  with  igniter  chamber  detail. 


The  inside  diameter  of  the  igniter  chamber  is  69.8  mm  (2.75  in)  and,  in  the  presoit  ctmfiguration,  the 
length  or  height  is  35  mm  (1.375  in).  However,  various  length  internal  sleeves  can  be  used  to  adjust  the 
hei^t  (hence,  volume)  as  an  additional  ctmtrol  on  the  pressurization  rate.  A  12.7-mm-thick  steel  (0.5-in) 
nozzle  plate  with  101  holes  (2.38-tnm  diameter)  sqrarates  the  igniter  diamber  from  the  flow  chamber. 
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The  flow  chamber  contains  an  aluminum  liner  with  an  inside  diameter  of  76  mm  (3  in)  and  a  length  of 
304.8  mm  (12  in).  A  9.5-tnm-thick  (0.37S-in)  acrylic  blowout  disc  at  the  far  end  of  the  flow  chamber 
limits  die  maximum  chamber  pressure.  Pressure  time-history  of  the  chamber  event  is  recorded  by  four 
wall-mounted  Kistler  211B1  pressure  transducers;  Po  is  in  the  igniter  chamber,  and  the  other  three  are  in 
the  flow  chamber,  separated  by  101.6  mm  (4.0  in).  P,  is  located  19  mm  (0.75  in)  into  die  flow  chamber, 
P}  is  at  120.6  mm  (4.7S  in),  and  P,  is  at  222  mm  (8.75  in). 

The  diaidiragm  covering  the  nozzle  plate  must  retain  its  integrity  while  pressure  builds  in  die  igniter 
chamber  and  combustion  of  the  ball  powder  is  well  under  way.  An  additional  problem  is  to  prevem  die 
burning  ball  powder  fnnn  being  entrained  into  the  flow  throu^  the  nozzle  plate  and,  hence,  entering  the 
flow  chamber  to  create  a  two-idiase  ignition  environmait  Figure  1  is  a  schematic  of  the  currmt  system. 
Typically.  5  g  of  Olin  ball  powder  (undeterred  sieved  WC-870.  average  particle  diameter  of  0.775  mm) 
are  placed  within  a  38-tnm-diameter  (1.5-in)  aluminum  "ci^"  and  then  ignited  near  the  top  with  a  bridge 
wire;  to  minimize  heat  loss,  the  cup  is  thermally  insulated  with  a  coating  of  white  RTV.  The  ditydiragm 
system  is  multi-layered.  Pressure  sealing  is  done  by  two  thicknesses  of  mylar  (~4  mil/sheet)  wbidi  cover 
the  nozzle  plate.  The  other  materials  serve  as  a  thermal  shield  to  prevent  hot  ball  powder  particles,  vtdiidi 
might  eso^  over  the  side  of  the  cup.  from  prematurely  burning  through  the  mylar  discs  before  they  reach 
their  burst  pressure  (two  discs  »>  ~16  MPa).  Two  layers  of  aluminum  foU  in  the  slu^re  of  a  donut  (inside 
diameter  =  50.8  mm)  are  placed  directly  on  top  of  the  mylar  discs.  Then  the  aluminum  cup  is  surrounded 
by  another  donut  (inside  diameter  =  38  mm)  of  "furnace  filter"  material  (qwn  glass  wool)  qrproximately 
18  mm  in  height;  titis  donut  of  filter  material  is  covered  tm  the  top  by  a  sirigle  layer  of  aluminum  foil. 
These  thermal  layers  are  essentially  consumed  during  the  operation  of  the  igniter  diamber,  hopefully  witii 
ordy  a  mirtimal  contribution  to  the  cmnposititm  of  the  igniter  gases. 

To  gain  a  better  understanding  of  what  happens  during  an  anomalous  igrution  evem,  this  chamber 
experiment  will  monitor  static  pressure  and  temperature  of  the  gases  within  the  packed  granular  bed. 
Measurement  of  gas  temperature  under  these  condititHis  is  not  a  trivial  task.  The  igrution  event  occurs 
within  a  time  interval  of  a  few  milliseconds  to  several  tens  of  milliseconds,  but  significant  temperature 
changes  can  take  place  on  a  time  scale  of  1  ms.  In  addition,  virtually  any  tedmique  to  measure  gas 
temperature  within  the  packed  bed  wiU  locally  disturb  or  alter  the  bed. 

Of  the  tonperature  measurement  options  available  (e.g..  McQure  [1984]),  tiie  choice  here  is  to  use 
a  Type  S  thermocouide  (platinum  vs.  [datinum — 10%  rhodium)  in  a  special  holder.  The  maximum 
temperature  limit  of  a  Type  S  is  tqrproximately  2,040  K.  Hence,  it  should  provide  an  adequate  history 
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of  an  ignition  and/or  incomplete  combustion  scenario  which  is  the  objective  of  this  study.  Of  course,  uptm 
successful  ignition,  as  the  solid  propellant  grains  transition  to  full  ccnnbustimi,  the  thennocoui^  will  melt 
A  serious  proUem  is  how  to  piotea  the  structural  integrity  of  a  thermocouide  placed  widiin  the  packed 
bed:  all  solutions  involve  compromise  of  some  sort  The  scheme  adopted  here  (see  Figure  1  and  details 
in  Figure  2)  is  to  mourn  the  dietmocouple(s)  inside  a  hollow  steel  cylinder  which  has  dimensions  similar 
to  a  typical  solid  propellant  grairt  In  the  current  configuration,  the  hollow  steel  cylinder  is  rigidly 
mounted  to  the  chamber  wall.  Allowing  it  to  float  vnth  the  motion  of  die  packed  bed  creates  major 
difficulties  associated  with  maintaining  wire  connections  and  tracking  position  as  a  fimctitm  of  time.  Two 
thermocouples  may  be  mounted  widiin  each  hollow  steel  cylinder,  which  has  a  diameter  of  8  mm,  a  lengdi 
of  11  mm,  a  wall  diickness  of  0.S  mm,  with  the  axis  of  the  cylinder  held  34  mm  fiom  the  diamber  wall 
(which  positions  the  thermocouple  near  the  center  of  the  packed  bed).  The  experimmal  qiparatus 
provides  for  two  such  thermocouple  holders  (see  Figure  1),  one  located  at  the  axial  position  of  pressure 
transducer  P2  and  die  other  at  P3.  Each  thermooHiple  is  "strung  across"  an  inside  diameter  of  die  hollow 
cylinder  (like  a  clothesline)  widi  the  junction  located  near  the  cylinder  axis;  diis  configuration  is  hdd  fixed 
by  inlying  a  coating  of  clear  NC-based  lacquer  with  polyester  resin  to  the  inside  of  the  hollow  cylinder, 
which  also  electrically  insulates  the  diermocoupte  leads  from  die  steel  walls.  The  lead  wires  are  fed 
through  the  ceramic  insulator  widiin  die  sting  mount  (see  Figure  2)  and  then  connected  to  the  outside 
world.  For  additional  information  on  defdoyment  of  the  thermocouides,  see  Howard,  Chang,  and  Kooker 
(1994). 
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TOP  VIEW  (Thennocouple  Enlarged  for  Clarity) 


ENLARGED  PART  -  SECTION  A-A 


SIDE  VIEW 

Figure  2.  Schematic  of  thermocouple  holder. 
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Not  yet  addressed  is  the  impoitant  question  of  evaluating  response  time  of  a  thennocouple  in  a 
transient  flow  fleld.  Although  a  characteristic  time  can  be  computed  for  a  given  thennocouple  suddenly 
immersed  in  a  constant-temperature  stagnant  or  flowing  gas  fleld,  these  estimates  are  not  reassuring  when 
the  simadon  involves  fast  transients.  In  the  presem  authors’  opinion,  the  only  reasonable  option  is  to 
evaluate  a  series  of  thermocouples  with  increasing  sensitivity  in  the  identical  transient  environment  The 
strategy  adopted  here  was  to  mount  two  thermocouples  of  different  diameters  within  the  same  holder,  and 
compare  the  response  from  each  one  during  a  typical  operation  of  the  experimoit  In  each  evaluation  nm, 
the  chamber  is  filled  with  an  inert  "rabber-like"  granular  propellam  simulant  (see  Table  1);  the 
thermocouples  then  monitored  gas  temperature  generated  by  the  ignition  wave  within  the  inert  packed  bed. 
The  general  features  of  the  ignition  wave  created  when  the  disqihragm  ruptures  are  illustrated  by  the 
pressure  curve  in  Hgure  3.  Choked  flow  through  the  rwzzle  {^te  drives  the  initial  pressure  rise  in  a  time 
interval  of  approximately  3  ms.  When  the  nozzles  undioke,  the  pressure  abruptly  forms  a  {dateau  regkm 
(at  iq^roximately  2.S  MPa  in  Hgure  3)  with  variadcms  due  to  competition  between  heat  loss  (to  die  steel 
nozzle  plate  and  to  the  initially  cold  propellant  grains)  and  cmnbusticm  of  die  remaining  ball  powder  grains 
in  the  igniter  chamber  which  drives  the  hot  gas  wave  (see  discussion  of  model  results  in  Kooker,  Chang, 
andHoward  [1992]).  The  decay  of  pressure  level  during  die  5-10  ms  interval  after  unchtdong  is  die  result 
of  heat  losses  exceeding  combustion  driving;  as  propellant  grains  and  nozzle  plate  increase  in  temperature, 
the  balance  reverses  which  accounts  for  the  slight  increase  in  pressure  level  for  the  next  10  ms.  Of  course, 
heat  loss  eventually  dominates  the  long-time  behavior  and  the  i»essure  decays.  However,  the  eiqieriment 
is  able  to  hold  gas  pressure  in  a  granular  bed  to  within  20%  of  a  constant  level  for  over  SO  ms. 


Table  1.  Properties  of  Solid  Propellant  Grains 


Properties/Propellant 

Inert  Granular 
Simulant 

M30A1  (7  Perf) 

(8-in  Gun,  XM188) 

M43  (19  Perf) 

Grain  Length  (mm) 

24.3 

28.5 

13.9 

Grain  Diameter  (mm) 

10.7 

12.3 

8.43 

Perf  Diameter  (nun) 

0  (Solid  Cylinder) 

1.23 

0.355 

Density  (g/cm^) 

-1.60 

1.67 

1.65 
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Figure  3.  Comparison  of  temperature  time-historv  ftom  2-inil  and  3-mfl  theimocourtes  at  mid-chamher 
location  P2.  along  with  pressure  time-historv  at  P2.  Chamber  contains  granular  inert  simulant 

Type  S  tiieimocouples  with  three  different  diameters  (1-mil,  2-mil.  and  3-mil)  were  evaluated  for 
response  time.  Figure  3  shows  a  SO-ms  "window"  of  temperature  time-histoiy  repotted  by  a  2-iiul  and 
a  3-mil  dieimocouple,  both  of  which  are  mounted  within  the  same  holder  at  "mid-chamber"  (opposite  P2), 
along  with  the  pressure  time-history  from  P2.  Temperatures  indicated  on  all  tiie  gnqrfis  are  computed 
directly  from  the  manufacturers’  static  calibration  curve  witti  no  correction  for  radiation  (our  radiatitHi 
calculations  suggest  a  temperature  correction  of  10-30  K).  Both  theimocoui^es  indicate  an  abrupt 
temperature  rise  just  after  the  pressure  transducer  reports.  However,  the  3-mil  thermocouple  cleariy  lags 
the  response  of  the  2-mil  thermocouple  during  the  impoitam  initial  2S-ms  time  interval  after  passage  of 
the  ignition  wave.  (Note:  the  "mini-spike"  reported  by  the  2-mil  thermocouple  in  this  run  near  a  time 
of  3  ms  may  be  an  aitifaa— ^uobaUy  caused  by  the  ubiquitous  thermocouple  gremlin).  This  terrorise  lag 
is  responsible  for  an  indicated  temperature  deficit  of  mote  than  200  K  (during  the  initial  S-ms  time 
interval).  It  is  important  to  look  for  evidence  that  these  indicated  temperature  differences  are  incteed  the 
result  of  convective  heat  transfer  to  different  diameter  wires,  and  not  spurious  results  of  the  measurement 
system.  Hgure  4  is  an  extended-time  plot  of  tte  same  temperature  time-history  displayed  in  Figure  3. 
The  2-mil  thermocouple  udiidi  rqrorts  higher  tonperatures  up  to  a  time  of  40  ms,  reports  lower 
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Figure  4.  Comparison  of  temperature  time4ustorv  from  2-mU  and  S-mfl  thermocouples  it  mid-chamber 
location  P2  over  long  time  interval.  Note  ttieimocourte  readings  asvmptoticallv  approadi  the 
same  temperature  after  500  ms.  Chamber  contains  granular  inert  simulant 

temperatures  after  that  time  until  both  theimocouide  time-histories  meige  asymptotically  at  approximately 
500  ms.  This  behavior  is  ceitainly  compatible  with  hi^ier  heat  transfer  rates  to  the  smalter  diameter  wire 
(2-mil)  which  would  imply  higher  tmnpeiatuies  during  a  r^d  heating  i^iase  and  lower  tempeiatuies 
during  a  cooling  i^iase.  The  thennocou^es  tqjpear  to  behave  in  a  rational  manner.  However,  the  slow 
response  of  the  3-mil  thennocouide  is  judged  to  be  unaccqitable  for  this  transient  experiment 

The  chamber  firings  discussed  above  were  repeated  but  with  a  1-mil  and  a  2-tnil  Type  S  tiiermo- 
coiqile  mounted  in  the  mid-diamber  diermocouple  holder.  Results  from  the  initial  C  as  time  window 
are  shown  in  Figure  S.  As  the  temperature  time-histories  indicate,  both  thermocoui^  report  the  initial 
rise  neatly  iiqrtiase  (tm  tiiis  time  scale).  However,  at  the  1,000  K  level,  the  2-mil  thmnocouide  is  dearly 
lagging  the  1-tnil,  which  continues  to  a  peak  of  1300  K.  The  emnparison  shown  in  Hgure  5  is  the 
general  trend;  during  the  initial  5-10  ms,  the  2-mil  thermocouple  can  under-rq»rt  the  tempnature  by  as 
much  as  200  K  (100-150  K  is  more  typical),  but  after  this  initial  time  period,  botii  thermocoufries  read 
within  tQtfHoximately  50  K  of  each  other.  On  the  basis  of  tiiis  comparistm,  the  1-mil  thermocouitie 
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Figures.  Comparison  of  temperature  time-history  from  1-mil  and  2-rott  thennocouples  at  mid-chamber 
location  P2.  along  with  pressure  time-histofv  at  P2.  Chamber  contains  granular  inert  simulant 

should  be  the  dioice.  However,  the  issues  of  strength  and  delicacy  of  the  Innil  lead  wires  (and  the 
additional  time  penalty  associated  with  setup)  foiced  a  practical  deciskm  to  proceed  with  2^il 
thermocouples  in  the  remaining  eiqieriments.  Thus,  temperatures  repented  in  subsequent  runs  finnn  die 
2-mil  thennocouples  should  be  viewed  as  minimum  values  (by  possiUy  200  K)  in  die  important  inidal 
10-ms  time  interval. 

3.  RESULTS  WITH  GRANULAR  SOLID  PROPELLANT 

The  evaluation  [diase  with  inert  granular  simulam  described  in  section  2  provides  inqxntant 
information  about  the  ignition  wave  environment  created  in  die  chamber  apparatus.  Although  several 
additional  questkms  remain,  time  and  funding  constraints  dictated  that  die  experiment  proceed  to  the  live 
propellants,  M30A1  and  M43.  With  idoitical  grain  size,  the  ignition  wave  flow  environment,  at  least  for 
eariy  time,  should  be  neatly  the  same.  This  is  indeed  the  goal  for  the  final  evaluation  eiqpetiments,  and 
will  be  possible  by  selectitig  7-petf,  equal-rized  cylindrical  grains  from  a  special  batch  of  researdi 
propellants  (MOler  1992).  For  the  ptesoit  series  of  runs,  however,  no  attempt  was  made  to  employ 
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equivalent  grain  size.  The  criteria  here  was  based  solely  on  availal^ty,  and,  in  fact,  very  diverse  grain 
sizes  were  used  (see  TaUe  1).  As  will  be  seen  later,  this  choice  happens  to  illuminate  an  impoitam  aspea 
of  "time-to-ignition." 


3.1  M30A1  Granular  Pronellam.  The  M30A1  {Hopellant  is  a  large,  cylindrical  7-perf  grain  taken 
ftom  an  XM188  diarge  for  the  8-in  gun.  Two  packed-bed  ccmfigurations  were  tested  in  the 
flame^neading  chamber.  In  the  "fiiU-up"  configuratitm  shown  in  Figure  6a,  1,138  g  of  propellam  were 
loaded  into  the  chamber  to  a  level  19  mm  below  t)ie  nozzle  {date  (initial  porosity  was  0.475).  The  19-mm 
void  regioi  is  intended  to  keep  the  propellant  grains  out  of  the  harsh  superscmic/subsonic  flowfield 
adjustmern  downstream  of  the  choked  nozzle  exit  plane.  Even  with  this  proviskm,  there  was  ctmcon  diat 
leading  edge  grains  might  be  "torched"  in  an  envmmment  quite  dissimilar  to  the  rest  of  the  bed.  To 
examine  this  influence,  a  seomd  omflguration  was  constructed  (see  Figure  6b)  by  removing  an  82.5-mm 
length  of  the  i»opellant  column  and  replacing  it  with  a  column  of  die  ineit  granular  simulam  to  form  a 
packed-bed  buffer  ztme  between  the  nozde  exhaust  regirni  and  die  leading  edge  of  the  live  pn^Uaitt  bed. 
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Figure  7  compares  the  pressure  time-history  (frxxn  the  mid-chamber  gage  P2)  from  two  tests  with 
granular  M30A1,  in  the  configurations  of  Figure  6.  The  characteristics  of  the  igniter-driven  wave  are 
nearly  identical  in  both  cases;  the  rise  time  is  af^xoximately  3  ms,  leaving  a  pressure  plateau  at  2  MPa. 
Igniticm  is  successful  in  both  configurations,  with  the  fiill-up  case  (Figure  6a)  showing  an  induction  time 
of  7-8  ms  while  the  buffer-zone  configuration  (Figure  6b)  indicates  12-13  ms.  The  rare  of  pressurizatkm 
is  slower  in  the  latter  case  primarily  because  the  same  chamber  volume  contains  less  energetic  material. 
In  each  run,  gas-fdiase  temperatures  were  reported  by  a  2-mil  thermocouple.  There  are  some  important 
differences.  The  temperature  time-history  measured  by  the  mid-chamber  thermocouple  (see  Figure  8)  in 
the  6a  configuration  strongly  suggests  that  some  type  of  exothermic  reaction  (e.g.,  propellant  pyrolysis 
with  incomplete  energy  release)  accompanied  the  passage  of  the  initial  ignition  wave.  Unfortunately,  this 
thermocouple  signal  may  have  been  drifting  because  the  indicated  ambient  temperature  is  400  K  (not 
correct).  Furthermore,  the  thermocouple  may  have  sustained  some  damage  during  the  brief  excursion  to 
the  region  above  2,0(X)  K,  and  hence  the  values  repotted  as  combustion  ninaway  (near  15  ms)  are 
suspicious.  Hgute  9  shows  similar  time-histories  from  a  2-mil  thermocouple  and  wall-mounted  pressure 
transducer  for  the  6b  configuratiotL  The  time-histories  illustrated  in  Figure  9a  ate  from  the  mid-diamber 
location,  and  show  a  temperature  rise  fiom  3(X)  K  to  approximately  1,2(X)  K  as  the  igniter-driven  wave 
passes  over.  Note  that  this  temperature  rise  is  not  as  abrapt  as  that  seen  at  mid-chamber  in  the  ftiU-iq) 
configuratioiL  Then  during  the  next  10  ms,  the  temperature  continues  to  increase  to  1,6(X)  K  before 
runaway  is  in  full  progress.  Figure  9b  illustrates  a  similar  comparison  between  the  2-mil  thermocouple 
and  pressure  transducer  at  location  P3.  At  this  depth  into  the  bed,  the  temperature  increase  created  by  the 
igniter-drivijn  wave  is  quite  modest  and  only  rises  to  less  than  1,(X)0  K  before  the  strong  combustitm  wave 
passes  this  location  and  blows  the  shear  disc  out  of  tiie  chamber. 

3.2  M43  Granular  Propellant.  The  LOVA  M43  propellant  used  here  is  a  19-perf  cylindrical  grain 
with  dimensions  (see  Table  1)  roughly  half  those  of  the  M30A1  grain.  In  addititm,  the  surface  of  the  M43 
grain  is  coated  with  a  thin  layer  of  graphite  which  seems  to  promote  aggregate  formation  (packing  into 
a  bed)  by  reducing  grain-to-grain  friction  forces.  Apparaitly  as  a  result,  the  irutial  bed  porosity  was  found 
to  be  close  to  0.40.  At  this  porosity  in  the  full-up  dumber  configuration,  the  total  propdlant  weight 
would  have  exceeded  the  explosive  wei^t  limit  of  the  test  bay.  Hence,  the  ftill-up  ctmfiguration 
illustrated  in  Figure  10  shows  a  38-mm  layer  of  inert  granular  simulant  at  the  chamber  bottom.  Two  other 
ctmfigurations  (only  one  of  which  is  illustrated  in  Figure  10)  include  inert  buffer  ztmes  adjacent  to  the 
nozzle  plate,  and  hence,  do  not  require  the  bottom  layer  of  inert  simulant. 
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(a)  Theimocouple  and  pressure  transducer  are  both  located  at  P2. 
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(b)  Thermocouide  and  pressure  transducer  are  both  located  at  P3. 
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Figure  10.  Schematic  of  dumiher  loading  configurations  used  in  tests  of  M43  LOVA  DTODdlant: 
fal  denoted  "fiin-im"  (no  inert  huffier  zonel  and  (h\  g2.S-imn  lenfith  of  inert  buffer  zone. 


Figure  11  coo^Mies  die  piessure  time-bistoiy  (fiom  die  mid-diainba’  gage  F2)  fiom  duee  tests 
containing  granular  M43:  die  10a  omfiguiadon  (Figure  10a).  a  configuration  widi  a  38-nimlengdi  of  inert 
buffer  zone  (analogous  to  Figure  10b,  but  not  illustrated),  and  die  10b  configuration.  Several  interesting 
observatitHis  can  be  made  here.  The  full-iq>  configuratkm  and  the  38-nim  inert  buffer  zone  configuratkm 
both  ignited  successfully;  the  configuration  with  the  82.5-inm  inert  buffer  zone  failed  to  ignite.  A 
sui|»ising  result  is  that  "insensitive"  M43  LOVA  propellant  in  the  fiill-up  cmfiguration  shows  virtually 
no  inductitm  time  or  ignitkm  delay,  but  M30A1  in  die  same  ctmfiguratiim  (discussed  above)  exhibits  a 
7-8  ms  delay.  This  counter-intuitive  result  makes  more  sense  when  examining  the  whole  flow 
environmem-— particularly  gas  permealMlity  of  die  padced  bed.  The  bed  formed  by  the  snail  M43  grains 
is  significandy  less  permeaUe  than  die  bed  formed  by  die  large  M30A1  grains.  Given  die  same  igniter 
stimulus  located  19  mm  away  from  die  edge  of  the  propellant  bed,  the  rate  of  pressure  increase  will  be 
much  greater  for  the  bed  widi  low  permealxlity.  Hence,  in  the  10a  configuratkm,  the  n^dly  rising 
piessure  field  near  the  leading  edge  of  the  low-porosity  M43  bed  creates  a  very  favoratde  envinmmau 
for  die  ignition  process— particularly  for  M43  vdiich  has  shown  some  rductanoe  m  ignite  s  tower 
pressures.  The  fact  that,  in  this  configorati(m,M43  propellant  ignites  more  leadfly  than  M30A1  propellant 
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Figure  11.  Comparison  of  pressure  time>historv  at  mki-ch«nher  incaiion  P2  for  threr  rfMinhi»r  loading 
configurations  containina  granular  M43  propcUam:  no  inert  buffer  zone  (Figure  lOal.  38-mro 

length  of  inert  buffer  zone  (similar  to  Rgure  lObl.  and  82.5-mm  i«igth  nf  inert  buffer  zone 

(Hgure  lObl. 


serves  to  emphasize  a  veiy  important  concept:  Time  to  ignition  in  a  granular  propeUant  bed  is  governed 
by  compedtion  between  the  "flow  residence  time"  and  die  "characteristic  time  for  chemical  reactUm"  (die 
ratio  being  a  Damkohler  number).  The  lower  peimealrili^  of  the  M43  bed  leads  to  a  longer  "flow 
residence  time"  \riiile  the  rapidly  rising  pressure  reduces  the  "characteristic  time  for  diemical  reactioo". 
Although  neither  characteristic  time  has  been  deteimined  here,  the  current  results  denumstrate  Oat  flow 
environment  adjustments  which  increase  flow  residence  time  and/br  shorten  die  chemical  reaction  time 
will  decrease  the  time  to  ignition. 


The  pressure  time-histories  shown  in  Hgure  1 1  {xovide  a  brief  overview  of  the  M43  behavior,  but  the 
experiments  provided  much  addidtmal  informadoiL  For  the  run  involving  die  fiill-up  craifiguration,  the 
2-mil  thermocouples  at  locations  P2  and  P3  bodi  re^xmded  to  the  passing  combusdrai  wave  by  almipdy 
exceeding  dieir  maximum  values  (i.e.,  melting).  However,  the  three  wall-mounted  pressure  transducers 
easily  witnessed  the  flame  [uppagation  evoit  and  rqxirted  the  time-histories  riiown  in  Hgure  12.  The 
speed  of  flame  propagation  (based  upcm  the  time  to  attain  the  2-MPa  levd)  is  i^iproximately  162  m/s  and 
nearly  uniform  through  die  diamber.  Note  diat  gage  P3  senses  rupture  of  die  shear  disc  at  a  pessure  level 
of  i^ipoximately  9  MPa,  and  the  resultant  release  wave  halts  the  pressurization  process. 
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The  M43  run  based  on  the  coniiguraticxi  with  a  38-mm  inert  buffer  zone  produced  a  "hang-fire" 
ignition  event  with  an  induction  time  delay  of  more  than  40  ms.  Figure  13  compares  the  i»essure  time- 
history  from  P2  with  the  temperatures  reported  by  a  2-mil  thermocouiiAe  at  the  same  locatiotL  Apparently 
the  igniter  wave  induces  some  type  of  exothermic  resptmse  from  the  propellam,  since  the  thermocouple 
reports  a  gas  temperature  excursion  to  near  2,000  K.  This  response  is  quite  similar  to  that  exhibited  by 
M30A1  in  the  fiill-up  configuration  (see  Hgure  8).  In  the  present  M43  run,  as  the  gas  pressure  in  the  bed 
stabilizes  near  3  MPa,  the  gas  temperatures  decline  to  1,000  K  and  continue  to  decay  toward  800  K 
(Note:  the  oscillations  in  temperature  in  Figure  13  are  probably  not  i^ysical,  but  are  attributable  to  the 
interfererKe  of  line  noise  [16.7  ms/cycle]).  At  aj^roximately  43  ms,  the  combustion  process,  which  has 
bear  hanging  in  the  balance  for  40  ms,  roars  to  life  as  witnessed  by  both  the  thermocouple  and  pressure 
tra.isducer. 

The  M43  run  based  on  die  10b  configuration  (82.S-mm  inert  buffer  zone)  failed  to  ignite.  Here, 
failure  includes  a  4S-min  waiting  period  during  whidi  gas  temperature  in  the  packed  bed  was  monitored 
by  the  "in  situ"  thermocouples.  It  is  important  to  emidiasize  a  major  effect  of  dianging  the  length  of  the 
inert  buffer  zone  ahead  of  this  M43  granular  bed.  Since  die  grain  size  of  the  granular  inert  simulant  is 
larger  than  the  M43  propellant,  increasing  the  length  of  die  buffer  zone  adds  a  more  porous  section  of  bed 
adjacent  to  die  igniter  system.  Assuming  the  igniter  straigth  is  unaltered,  the  igniter  gases  have  a  larger 
volume  to  expand  into  which  lowers  the  pressure  platetni  level  seoi  by  the  propellant  bed.  Note  in  the 
present  case,  increasing  the  buffer  zone  length  from  38  mm  to  82.5  mm  lowers  the  pressure  level  from 
3  MPa  to  2  MPa.  This  change  in  pressure  level  could  have  a  significant  influence  on  the  gas-jdiase 
chemical  kinetic  rates  associated  with  decomposition  schemes  currently  proposed  for  propellant  dark  ztmes 
(Vanderhoff  et  al.  1992).  Gas-phase  temperature  time-history  recorded  by  a  2-mil  thermocouide  at 
location  P2  is  shown  over  a  100-ms  window  in  figure  14  along  with  the  corresponding  pressure.  Note 
that  the  gas  temperature  at  mid-chamber  teaches  1,100  K  with  the  arrival  of  the  igniter  wave,  but  decays 
from  that  time  on.  At  the  lower  location,  the  gas  tonperature  (not  shown  in  Figure  14)  does  rmt  exceed 
625  K.  Again,  note  that  the  indicated  tonperature  oscillations  are  most  likely  the  result  of  line  noise  and 
hence  not  jdiysical. 
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Figure  14.  Comparison  of  terooeratuie  lime-hiaorv  from  the  2-nul  thennocouple  and  wessuie  tiine- 
historv  from  tfie  transducer  at  mid-chamber  location  P2.  M43  prooePaitt  loaded  into  chamber 
with  82.S-mm  inert  buffer  zone  fRgine  lObl. 

3.3  SimulaticMi  witti  the  XKTC  Intericw  Ballistic  Code.  A  future  goal  of  rins  efhnt  is  to  enqdoy  or 
develop  a  two-fAiase  reactive  flow  model  ^ch  can  simulate  die  igmtion  and  flameqrreading  behavior 
observed  in  the  current  mqwrimenL  A  sim(de  lun^)ed-patameter  (zero-dimensiraial)  modd  of  the  dual 
chamber  with  bursting  diqditagm  was  discussed  in  Kodter,  Chang,  and  Howard  (1992).  Aldiou^  the 
model  was  helpful  in  understanding  the  bdiavior  of  the  diigdiragm  and  rmzzle-idate  igniter  system,  it  has 
no  provision  for  the  granular  solid  phase  in  the  flow  chamber,  and  it  does  i»t  address  any  aspect  of  wave 
motitm.  Although  tq^rading  this  model  is  still  an  optira,  a  modest  attempt  was  made  to  use  die 
XNOVAKTC  code  (Gough  1990)  which  has  enjoyed  considerable  success  in  various  interior  ballistics 
apfdicadcns.  Unfortunately,  no  easy  way  could  be  found  to  mimic  die  dual-diamber  nature  of  die 
flameqneading  tqiparatus,  where  a  fine-grained  solid  begins  burning  in  the  sealed  igniter  chamber  until 
reaching  a  burst  pressure  to  start  die  nozzle  flow.  As  a  cmnimnnise,  the  current  XKTC  simuladtms  ignore 
the  igniter  chamber  (and  nozzle  [date)  altogether  and  merely  assume  an  igniter  function  at  me  end  of  the 
ch.'^>  jer  containing  the  packed  bed.  Guided  by  results  fimn  the  lumped-parameter  model  and 
experimental  measurements,  the  XKTC  igniter  mass  ftinctkxi  was  chosen  to  matdi  Qrpical  pressure  time- 
histories  recorded  by  the  three  transducers  in  die  chamber  filled  (excqx  for  19  mm)  widi  inert  granular 
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simulant,  subject  to  the  constraint  that  80%  of  the  igniter  mass  (5  g  total)  is  liberated  in  3  ms.  Oearly, 
uniqueness  has  been  sacrificed  here.  A  comparison  with  typical  pressure  transducer  data  is  shown  in 
Figure  IS.  No  attempt  was  made  to  produce  an  exaa  match  with  these  data  since  normal  rtm-to-run 
variatioirs  in  the  igniter  diaphragm  burst  process  as  well  as  loading  the  large  grains  into  the  chamber  could 
account  for  these  difietences.  Although  the  experimental  pressurization  evem  at  PI  is  only  i^roximated 
here  (the  predicted  overshoot  character  is  similar  to  several  other  runs  however),  wave  propagation  through 
the  compacted  bed  is  predicted  fairiy  well.  Note  also  that  the  rate  of  pressure  decay  for  time  greater  than 
3.5  ms  virtually  parallels  the  experimental  data,  which  seems  to  validate  the  code’s  description  of  heat  loss 
to  the  granular  bed  and  chamber  walls.  At  this  point,  the  properties  of  the  igniter  mass  functitm  were  held 
fixed  in  all  subsequent  runs. 

With  this  igniter  function  determined,  an  attempt  was  made  to  simulate  the  behavior  of  M30A1 
granular  propellant  when  confined  in  the  full-up  diamber  configuration.  Figure  16  is  a  i^ot  of  pressure 
time-history  at  the  three  gage  locations  (PI.  P2.  and  P3).  and  compares  experimental  data  with  an  XKTC 
prediction  which  assumes  the  same  chamber  configuration  but  suppresses  ignition  of  the  granular  M30A1 
propellant  Although  the  predictions  at  early  time  overshoot  tiie  experimental  pressure  data  somewdiat 
the  general  behavior  of  the  ignition  wave  is  ctqxured — induding  the  pressure  plateau  level  of  2  MPa. 
Note  that  the  large-grain  M30A1  forms  a  more  permeable  packed  bed  than  the  inert  grains,  which  e;q>lains 
why  the  pressure  plateau  level  decreases  from  that  shown  in  Figure  IS  (even  though  the  igniter  functitm 
is  held  fixed).  The  comparison  in  Hgure  16  cleatiy  shows  that  the  pressure  level  beytmd  7  ms  is  being 
augmented  by  some  type  of  combustion  process.  The  difficulty  is  tiiat  this  "plateau-tiien-runaway" 
pressure  behavior  could  not  be  simulated  with  XKTC  (iterating  under  the  usual  assumptions,  i.e.,  ignition 
occurs  when  the  surface  temperature  of  the  propellant  grain  (heated  as  an  inert  solid)  exceeds  a  threshold 
value,  and  the  ctxnbustion  process  converts  solid  material  directly  to  firul  products  (no  finite-tate 
chemistry)  witii  full  heat  release.  In  fact,  operating  under  these  assumptions,  there  is  a  razor-thin  boundary 
between  successful  ignition  and  failed  ignition  as  illustrated  by  the  two  sets  of  pressure  time-histories  (at 
the  tiiree  chamber  gage  locations)  plotted  in  Hgure  17.  The  code  does  not  predict  a  respcmse  between 
these  two  extremes.  Now  of  course,  the  actual  propellant  combusticm  process  does  proceed  at  stmie  finite 
rate  (as  a  result  of  competition  among  many  rates),  which  is  usually  much  faster  than  the  concurrent  flow 
processes.  Thus,  one  possible  conclusion  from  the  comparison  shown  in  Hgure  16  and  the  predictkms 
shown  in  Figure  17  is  that,  at  diese  pressure  levels,  the  finite-rate  process  which  controls  heat  release 
during  transient  combustion  of  M30AI  propellant  is  slow  enough  to  be  the  rate-limiting  event  in  this 
convective  fiow  field.  At  these  same  pressure  levels,  this  would  be  equally  true  for  M43  propellant  whose 
flame  structure  includes  a  "dark  zone"  implying  a  finite-rate  staged  heat-release  process. 
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Figure  17.  XNOVAKTC  predictions  for  pressure  time-historv  at  locations  PI.  P2  and  P3.  rhamher 
loaded  with  M30A1  (no  inert  buffer  zone).  Ignition  temperature  threshold  is  444  K.  Bold 
cuives  implv  successful  ignition.  Ueht  curves^iroply  failed  ignition.  Difference  to  cncEgy_Qf 
igniter  mass  flux  is  3  pans  out  of  447. 


4.  CONCLUDING  REMARKS 


The  primary  objective  here  was  to  develq;)  a  laboratoiy  experiment  cqnble  of  creating  a  controllable 
environment  for  studying  the  marginal  cmivective  ignition  bduvior  of  varioos  solid  gun  propellants, 
paiticulariy  LOVA  propellants.  To  help  understand  what  Iu4)pens  during  an  ancmialous  ignitim  event  in 
a  granular  propellant  bed,  the  experiment  measures  bofo  static  pressure  and  tenqrerature  of  the  gases  within 
the  aggregate.  The  chamber  sq)paFatus  is  deagned  to  generate  a  planar  gas-phase  wave  to  end-ignite  a 
confined  granular  propellant  colunm  and  then  pennit  simultaneous  monitoring  of  gas-phase  pressure  (widi 
a  series  of  wall-mounted  transducers)  and  temperature  (widi  fast-response  diennocoiqdes  protected  inside 
special  steet  holders  protruding  into  the  bed)<  A  limited  number  of  compaiistms  between  1-mil,  2-mil, 
and  3-mil  Type  S  thermocouples  suggest  diat  the  1-mil  should  probably  be  adequate  for  die  transient 
fir  wfield  encountered  here.  However,  in  die  current  series  of  erqieriments,  practical  oonsideradras  forced 
the  use  of  2H9iil  thermocouides  whose  rqxitted  temperatures  could  be  low  by  possibly  200  K  during  die 
initial  10-ms  time  interval,  hi  general,  die  apparatus  appears  to  be  functioning  as  designed. 
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The  igniter-driven  wave  has  approximately  a  3-ms  rise  time  and.  depending  uptm  bed  penneat^ty, 
produces  a  gas  pressure  level  of  2-3  MPa.  Igniter  strength  in  the  dual-chamber  experiment  was  held 
constmtt.  but  the  influence  of  the  hot-gas  ignition  wave  could  be  modified  by  adjusting  the  length  of  an 
inert  packed-bed  bu^r  zone.  Varying  the  length  of  this  inert  buffer  zone  causes  both  propellaitts  to 
exhibit  a  "plateau-then-runaway"  pressure  time-history  which  closely  mimics  the  Tiang-fire"  behavior 
observed  by  Chang  &  Rocchio  (1988)  in  the  lOSrxun  gun  simulator.  Reproducing  this  bdiavior  in  a 
controlled  experimoit  was  an  important  objective  here. 

Results  were  obtained  for  two  solid  propellants.  M30A1  and  M43.  The  7-perf  cylindrical  M30A1 
grain  is  approximately  twice  the  dimensions  of  the  19-perf  cylindrical  M43  LOVA  grain;  hence,  the 
packed  bed  formed  by  the  large-grain  M30A1  is  more  permeable  than  that  formed  by  the  smallm*  grain 
M43.  In  the  chamber  configuration  widt  no  buffer  zone,  "insensitive”  M43  propellant  ignites  mote  readily 
than  M30A1  propellanL  This  fact  serves  to  emphasize  an  important  conoqrt:  Time  to  ignition  in  a 
granular  propellant  bed  is  governed  by  competition  between  the  "flow  residence  time"  and  the 
"characteristic  time  for  chemical  reaction"  (i.e.,  a  Damktdiler  number).  Althou^  neither  characteristic 
time  is  determined  here,  the  current  results  demonstrate  that  flow  envirmunent  adjustments  that  increase 
flow  residence  time  and/or  shorten  the  chemical  teactitm  time  will  decrease  the  time  to  ignititm.  M43 
provides  a  dramatic  example;  decreasing  die  lengdt  of  the  buffer  zme  causes  time  to  ignition  to  change 
from  infinity  (i.e.,  ignition  fails)  to  40  ms  to  less  dian  2  ms.  The  "{dateau-then-ruruiway"  pressure  time- 
history  exhibited  by  bodi  propellants  cannot  be  simulated  widi  die  interior  ballistics  model  (XKTC) 
assuming  instantaneous  convetskm  of  reactive  solid  into  gaseous  products  with  full  energy  rdease.  It  is 
probable  that,  at  these  pressure  levels,  die  finite-rate  process  that  controls  heat  release  during  transieiit 
propellant  combustion  is  slow  moug^  to  be  the  rate-limiting  event  in  diis  convective  flow  field. 

The  experimoit  provided  measurements  of  gas-jdiase  temperature  before  tiie  rniset  of  fiiU  combustion. 
For  the  M30A1  propellant  run  which  exhibits  a  12-13  ms  induction  time,  the  mid-chamber  thennocouide 
reports  gas  temperatures  rising  to  1,200  K  and  then  increasing  to  1,600  K  before  combustitm  runs  away. 
For  die  M43  propellant  run  which  exhibits  a  40-ms  induction  time,  gas  temperatures  at  mid-chamber 
suggest  a  propellant  contribution  stimulated  by  die  passage  of  die  igniter-driven  wave.  The  initial 
temperature  pulse,  however,  is  not  sustained  as  values  retreat  into  die  range  of  1,100  K  to  800  K,  but 
combustion  eventually  is  successful. 
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With  reference  to  M43.  note  that  the  gas  temperatures  monitored  in  this  convective  flow  experiment 
during  most  of  the  4(hns*delay*case  are  near  or  just  below  the  flame  "daric  zone"  temperature  [  1200  K] 
measured  by  Teague.  Singh  and  Vandeihoff  (1993)  [see  TaUe  3  on  page  10]  in  a  strand-burner 
environment.  The  existence  of  a  dark  zone  suggests  a  finite-rate  staged  heat-release  process,  which  could 
become  an  additional  liability  during  any  attempt  to  establish  a  propellant  flame  zone  in  a  convective  flow. 
The  fact  that  M43  fails  to  ignite  under  conditions  when  M30A1  is  successful  might  be  partially  explained 
by  the  difference  in  flame-zone  structure.  Althou^  conclusive  proof  is  lacking,  the  temperature 
measurements  and  ignition  behavior  of  M43  are  consistent  with  the  premise  that  the  finite-rate  process 
controlling  energy  release  in  the  convective  flow  is  actually  that  of  the  propellant  "dark  zone." 
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5001  Eisenhower  Ave. 

Alexandria.  VA  22333-0001 

1  Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-OP-a-AD. 

Tech  PuUishing 
2800  Powder  MiU  Rd. 

AdelphLMD  20783-1145 

1  Director 

U.S.  Army  Research  Laboratory 
ATTN:  AMSRL-OP-CI-AD. 

Records  Management 
2800  Powder  Mill  Rd. 

Adelphi.MD  20783-1145 

2  Commander 

U.S.  Army  Armament  Research. 

Development,  and  Engineering  Center 
ATTN:  SMCAR-TDC 
Picatinny  ArsenaL  NI  07806-5000 

1  Director 

Benet  Weqxns  Laboratory 
U.S.  Army  Armament  Research. 

Develtqxnent.  and  Engineering  Center 
ATTN:  SMCAR-CCB-TL 
Watervliet.  NY  12189-4050 


1  Commander 

U.S.  Army  Missile  Command 
ATTN:  AMSMI-RD-CS-R  (DOC) 
Redstone  Arsenal.  AL  35898-5010 

1  Conunander 

U.S.  Army  Tank-Automotive  Command 
ATTN:  AMSTA-JSK  (Armor  Eng.  Br.) 
Warren.  Ml  48397-5000 


1  Director 

U.S.  Army  TRADOC  Analysis  Command 
ATTN:  ATRC-WSR 

White  Sands  Missile  Range.  NM  88002-5502 


(Oat.  aoiy)  j  Commandant 

U.S.  Army  Infantry  School 
ATTN:  ATSH-CD  (Security  Mgr.) 
Fort  Benning.  GA  31905-5660 


-iiy)  1  Commandant 

U.S.  Army  Infantry  School 
ATTN:  ATSH-WCB-O 
Fort  Benning.  GA  31905-5000 


1  WL/MNOI 

EglinAFB.FL  32542-5000 


Aberdeen  Proving  Ground 


2  Dir.  USAMSAA 
ATTN:  AMXSY-D 

AMXSY-MP.  R  COhen 


1  Cdr.  USATECOM 
ATTN:  AMSTE-TC 


1  Dir.  USAERDEC 
ATIN:  SCBRD-RT 


1  Director 

U.S.  Army  Advanced  Systems  Research 
-  and  Analysis  Ofltce  (ATCOM) 

ATTN:  AMSAT-R-NR.  M/S  219-1 
Ames  Research  Center 
Mofleu  Field.  CA  94035-1000 


1  Cdr.  USACBDCOM 
ATTN:  AMSCB-Cn 

1  Dir.  USARL 

ATIN:  AMSRL-SL-I 


5  Dir.  USARL 

ATIN:  AMSRL-OP-AP-L 
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1  HQDA  (SAED-TR/Ms.  K.  Kominos) 

WASH  DC  2031(M)103 

1  HQDA  (SARD-TR/Dr.  R.  Chait) 

WASH  DC  2031(M)103 

1  Cbainnan 

DOD  Explosives  Safety  Board 
Room  8S6<! 

Hoffman  Bldg.  1 

2461  Eisenhower  Avenue 

Alexandria.  VA  22331-0600 

1  Headquarters 

U.S.  Army  Materiel  Command 
ATTN:  AMaCP-AD,  M.  Fisette 
SOOl  Eisenhower  Ave. 

Alexandria,  VA  22333-0001 

1  U.S.  Army  Ballistic  Missile 

Defense  Systems  Command 
Advanced  Techntdogy  Center 
P.O.  Box  1500 
Huntsville.  AL  35807-3801 

1  Department  of  the  Army 
Office  of  the  Rtodua  Manager 
155mm  Howitzer.  M109A6.  Paladin 
ATTN:  SFAE-AR-HIP-IP. 

Mr.  R.  DeKkine 
Pkatinny  Arsenal,  NJ  07806-5000 

2  Project  Manager 

Advanced  Reid  Artillery  System 
ATTN:  SFAE-ASM-AF-E, 

LTC  A.EIIis 
T.  Kuiiata 

Picatinny  Arsenal,  N3  07801-5000 

1  Project  Manager 

Advanced  Rdd  Aitilleiy  System 
ATTN:  SFAE-ASM-AF-Q.  W.  Warren 
Picatinny  Arsenal,  NJ  07801-5000 

1  Commander 

Production  Base  hfodemization  Agency 
U.S.  Army  Armament  Research. 

Development,  and  Engineering  Center 
ATTN:  AMSMC-PBM.  A.  Siklosi 
Picatinny  Arsenal,  NJ  07806-5000 


1  Commando' 

Production  Base  Modernization  Agency 
U.S.  Army  Armament  Research, 
Developinent.  and  Engineering  Cento 
ATTN:  AMSMC-PBM-E,  L.  Laibson 
Picatiimy  Arsenal,  NJ  07806-5000 

1  PEO-Amtaments 

Project  Manago 
Tank  Main  Armament  System 
ATTN:  AMO^-TMA 
Picatinny  Arsenal,  NJ  07806-5000 

1  PEO-Aimaments 

Project  Manago 
Tank  Main  Armament  System 
ATTN:  AMCPM-TMA-105 
Picatinny  Arsenal.  NJ  07806-5000 

1  raO- Armaments 

Project  Manager 
Tank  Main  Armament  System 
ATTN:  AMCPM-TMA-120 
Picatinny  Arsenal.  NJ  07806-5000 

1  FEO-Aimamenu 
Rojea  Manago 

Tank  Main  Armament  System 
ATTN:  AMCPM-TMA-AS,  R  Yuen 
Picatinny  Arsenal,  NJ  07806-5000 

2  Commando 

U.S.  Army  Aimaraent  Reaeatch, 
Develofment,  and  Engineering  Cento 
ATTN:  SMCAR-CCH-V. 

C.M»dala 
E.  Fennell 

Picatinny  Arsenal.  NJ  07806-5000 

1  Conmumdo 

U.S.  Army  Armament  Research, 
Develo^ent,  and  Engineering  Cento 
ATTN:  SMCAR-CCH-T,  L.  Roaendorf 
Picatinny  Arsenal,  NJ  07806-5000 

1  Commando 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Cento 
ATTN:  SMCAR-CCS 
Picatinny  Arsenal,  NJ  07806-5000 
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No.  of 

Copies  Organization 

1  Coounander 

U.S.  Army  Armament  Research, 
Devdopnent,  and  Engineering  Center 
ATTN:  SMCAR-AEE,  J.  Lannon 
Picatiimy  Arsenal,  NJ  07806-3000 

11  Commander 

U.S.  Army  Armament  Research, 
Development,  and  Engineering  Center 
ATTN:  SMCAR-AEE-B, 

A.  Beardell 
D.  Downs 
S.  Einstein 
S.  Westley 
S.  Bernstein 
J.  Rutkowski 

B.  Brodman 
P.  O’Reilly 
R.  Cirincione 
P.  Hui 

J.  O’Reilly 

Picatirmy  Arsenal,  NJ  07806-5000 

5  Commander 

U.S.  Army  Armament  Research, 
Devdopnent,  and  Engineering  Center 
ATIN;  SMCAR-AEE-WW, 

M  Kfezger 
J.  Pinto 
D.  Wi^and 
P.Lu 

C. Hu 

Picatirmy  Arsenal,  NJ  07806-5000 

3  Director 

Benet  Laboratories 
ATTN:  SMCAR-CCB-RA, 

GJ>.  O’Hara 
G.A.Pflegl 

SMCAR-CCB-S,  F.  Heiser 
WatervlieuNY  12189-4050 

2  Commander 

U.S.  Army  Research  Office 
ATTN:  Technical  Library 

D.  Mann 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


No.  of 

Copies  Organization 

1  Commander,  USACECOM 

R&D  Technical  Library 
ATTN:  ASQNC-ELC-IS-L-R, 
Myer  Center 

Fort  Monmouth,  NJ  07703-5301 

1  Director 

HQ,  TRAC  RPD 

ATTN:  ATCD-MA 

Fbrt  Monroe,  VA  23651-5143 

1  Commander 

U.S.  Army  Belvoir  Research  and 
Development  Center 
ATTN:  STRBE-WC 
FOct  Bdvoir,  VA  22060-5C06 

1  Director 

U.S.  Army  TRAC-Fl  Lee 
ATIN:  ATRC-L,  Mr.  Cameron 
FdftLee,VA  23801-6140 

1  Commander 

Radford  Army  Ammunhioo  Plant 
ATTN:  SMCAR-QA/HI  UB 
Radford,  VA  24141-0298 

1  Commander 

U.S.  Army  Foreign  Science  and 
Techndogy  Center 
ATTN:  AMXST-MC-3 
220  Seventh  Street,  NE 
Charloitesville,  VA  22901-5396 

2  Commander 

Naval  Sea  Systems  Command 
ATIN;  SEA62R 
SEA  64 

Washington,  DC  20362-5101 

1  Commander 

Navd  Air  Systems  Command 
ATTN:  AIR-9S4-Tech  Library 
Washington,  DC  20360 

2  Commander 

Naval  Reseach  Laboratory 
ATTN:  Technical  Libraty 
Code  4410, 

E.  Oran 

Washington,  DC  20375-5000 
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No.  of 

SSBiSS  Onwiation 

1  Office  of  Naval  Research 

ATIM:  Code  473.  R.S.  Miller 
800  N.  Quincy  Street 
AriingUm.  VA  22217-9999 

1  Office  of  Naval  Technology 

ATIN:  ONT-213.  D.  Siegel 
800  N.  Quincy  St 
Arlington.  VA  22217-SOOO 

2  Commander 

Naval  Snr£Ke  Warfare  C  ^nier 
ATTN:  Code  730 
CodeR-13 
RW.  Sandusky 
10901  New  Hampdure  Ave 
SUver  Spring.  MD  20903-5000 

7  Commander 

Naval  Surface  Warfare  Center 
ATTN;  T.C.  Smith 
K.Rice 
S.  MitcheO 
S.  Peters 
J.  Consaga 
C.  Golzmer 
Technical  Library 
Indian  Head.  MD  20640-5000 

4  Commander 

Naval  Surface  Warfare  Center 
ATTN:  Code  G30.  Guns  A.  Munitions  Div 
Code  G32.  Guns  Systems  Div 
Code  G33.  T.  Doran 
Code  E23  Technical  Library 
Dahlgren.VA  22448-5000 

3  Commander 

Naval  Air  Warfare  Center 
ATTN;  Code  3891, 

CJ.  Price 
A.  Atwood 
Code  3895. 

Informadon  Science  Diviaon 
China  Lake,  CA  93555-6001 

1  Commanding  (Mlioer 

Naval  Underwater  Systems  Cemer 
ATIN:  Code  SB331.  Technical  Library 
Newport.RI  02840 


No.  of 

Copies  Organization 

1  AFOSR/NA 

ATTN:  J.Tishkoff 

Bolling  APB.  D.C.  20332-6448 

1  OLAC  PUTSTL 

ATTN:  D.  Sh^lett 
Edwards  APB.  CA  93523-5000 

3  AL/LSCF 

ATTN:  J.  Levine 
L.  Quinn 
T.  Edwards 

Edwards  AFB.  CA  93523-5000 

1  WL/MNAA 

ATTN;  B.  Simpson 
EglinAFB.FL  32542-5434 

1  WL/MNME 

Energetic  Materials  Branch 
2306  Perimeter  Rd. 

STE9 

EglinAFB.FL  32542-5910 

1  WUMNSH 
ATTN:  R.  Drabczidt 
EglinAFB.FL  32542-5434 

2  NASA  Langley  Research  Cemer 
ATIN:  M.S.408. 

W.  Scallion 
D.  Witco&ki 
Hanqjton,  VA  23605 

1  Central  Intelligence  Agency 

OfBce  of  the  Central  References 
Dissemination  Branch 
Room  GE-47.  HQS 
Washington.  DC  20502 

1  Central  Inielligence  Agency 

ATTN:  J.Backofen 
NHB.  Room  5N01 
Washington.  DC  20505 

1  Director 

Sandia  Nmional  Laboratories 
Energetic  Materiab  &  Fluid  Mechanics 
Dqnrtmeitt,  1512 
ATTN:  M.Baer 
P.O.  Box  5800 
Albuquerque.  NM  87185 
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No.  of 

Copies  Organization 

1  Director 

Sandia  National  Laboratories 
Combustion  Research  Facility 
ATIN:  R.  Carling 
Livermore,  CA  94SS1-0469 

1  Director 

Sandia  National  Laboratories 
ATIN:  8741.  G.  A.  Beneditti 
P.O.  Box  969 

Livetmore,  CA  94SS1-0969 

1  Director 

Lawrence  Livermore  National 
Lidxxatory 

ATTN:  L-35S.  A.  Buckingham 
P.O.  Box  806 

Livermore,  CA  94SS04)622 

1  Director 

Los  Alamos  Scientific  Lid) 

ATTN:  T3/D.  Butler 

P.O.  Box  1663 

Los  Alamos,  NM  87544 

2  Baitelle 

ATTN:  TWSTIAC 
V.  Levin 
SOS  King  Avenue 
Columbus.  OH  43201-2693 

1  Battelle  PNL 

ATTN:  M.  C.  C.  Bampton 
P.O.  Box  999 
Richland.  WA  99352 

1  Institute  of  Gas  Techntdogy 

ATTN:  D.  Gidaspow 
3424  S.  State  Street 
Chicago.  IL  60616-3896 

1  Institute  fm  Advanced  Technology 
ATTN:  T.M.Kiehne 

The  University  of  Texas  of  Austin 
4030-2  W.Braker  Lane 
Austin,  TX  78759-5329 

2  CPIA- JHU 

ATIN:  RJ.  HofBnan 
T.  Christian 

10630  Little  Patuxent  Parkwqr 
Suite  202 

Columbia.  MD  21044-3200 


No.  of 

Cppiy?  OrganiMiipn 

1  AFELM,  The  Rand  Corporation 

ATTN:  Library  D 
1700  Main  Street 
Santa  Monica.  CA  90401-3297 

1  Arrow  Technology  Associates,  Inc. 

ATTN:  W.  Hathaway 
P.O.  Box  4218 

South  Burlington,  VT  05401-0042 

1  AAI  Corporation 
ATTN:  J.  Rankle 
P.O.  Box  126 

Hunt  Valley.  MD  210304)126 

2  Alliant  Techsystems,  Inc. 

ATTN:  ILE.  Tompkins 

J.  Kennedy 
7225  Northland  Dr. 

Brooklyn  Park,  MN  55428 

1  Textron  Defense  Systems 

ATTN:  A.  Patrick 
2385  Revere  Beach  Parinvay 
Everett.  MA  02149 

1  General  ^jplied  Sciences  Lab 

ATIN:  J.  Erdos 
77  Ri^iior  Ave. 

Ronkonkama.  NY  11779-6649 

1  General  Electric  Company 

Tactical  System  Department 
ATTN:  J.  Mandzy 
100  Plastics  Ave. 

Pittsfield.  MA  01201-3698 

1  ITTRI 

ATIN:  MJ.  Klein 
10  W.  35th  Street 
Chicago.  IL  60616-3799 

4  Hercules,  Inc. 

Radford  Army  Ammunition  Plant 
ATTN:  L.  Gizzi 

DJLWoneU 
WJ.  WofieU 
C.  Chandler 

RadfonLVA  24141-0299 
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No.  of 


2  Hercules,  Inc. 

Alkgheay  Ballistics  Laboratory 
ATIN:  William  B.  WaDaip 
Thomas  F.  Fardmugh 
P.O.  Box  210 

Rocket  Center.  WV  26726 

1  Hercules,  Inc. 

Aeroqmce 

ATTN:  R.  Cartwright 
100  Howard  Blvd. 

KenvU.NI  07847 

1  Hercules,  Inc. 

Hercules  Plaza 
ATTN:  BJMRiggleman 
Wilmington.  19894 

1  MBR  Research  Inc. 

ATTN:  Dr.  Moshe  Ben>Renven 
601  Ewing  Sl.  Suite  C*22 
Ptinceioo.  NI  06S40 

1  (Min  Corporation 

Badger  Army  Ammunition  Plant 
ATTN:  F.EWolf 
Baiaboo.WI  53913 

3  Olin  Ordnance 
ATTN:  EJ.  KnacDke 

AF.  Gonzalez 
D.W.  Worthington 
P.O.  Box  222 

Sl  Marks.  FL  323554)222 

1  (Min  Ordnance 

ATIN:  RA.McEIioy 
10101  9th  StrceL  North 
Sl  Peterdang,  FL  33716 

1  PiBul  Gough  Associates,  Inc. 

ATTN:  P.S.  Gough 
1048  South  Sl 

POftsmouth,  NH  03801-5423 

1  Physics  International  Library 

ATTN:  R  Wayne  Wampler 
P.O.  Box  5010 

San  Leandro,  CA  94577-0599 


No.  of 

Organization 

1  Princeton  Combustion  Research 

Laboratories.  Inc. 

ATIN:  N.A  Messina 
Princeton  Corporate  Plaza 
11  Deetpark  Dr..  Bldg  IV.  Suite  119 
Monmouth  Junction,  NJ  08852 

2  Rockwell  International 
Rodceidyne  Division 
ATTN:  BA08. 

J.  Flanagan 
ILB.  Edelman 
6633  Canoga  Avenue 
Canoga  Park.  CA  91303-2703 

2  RodeweD  International  Sdence  Center 
ATTN:  Dr.  S.  Chakiavardiy 

Dr.  S.  Paianiswamy 
1049  Camino  Dos  Rios 
P.O.  Box  1065 
Thousand  Oaks,  CA  91360 

1  Science  Apfdkations  International  Cotp. 

ATTN:  M.  Palmer 
2109  Air  Park  RiL 
Albuquerque,  NM  87106 

1  Southwest  Research  lastiiute 

ATTN:  JF.Riegel 
6220  Qildira  Road 
P.O.  Drawer  28510 
San  Antonio.  TX  78228-0510 

1  Sverdnq)  Techndogy.  Inc. 

ATTN:  Dr.  John  Dear 
2001  Aeroqtace  Pathway 
Brook  Park,  OH  44142 

3  Thioked  Coqiotation 
EDcion  Dividon 
ATTN:  R.Willer 

R.Biddfe 
Tech  Library 
P.O.  Box  241 
EOctoiLMD  21921-0241 

1  Veritay  Techntdogy,  Inc. 

ATTN:  E.  Fisher 
4845MaieraportHwy. 

East  AmhersL  NY  14501-0305 
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No.  of 

Copies  Organization 


1  Universal  Propulsion  Company 

ATIN:  HJ.  McSpadden 
2S401  North  Central  Ave. 

Phoenix.  AZ  85027-7837 

1  SRI  International 

Propolsioa  Sdoices  Division 
ATTN:  Tech  Library 
333  Ravenwood  Avenue 
Menlo  Park,  CA  94025-3493 

Aberdeen  Proving  Ground 

1  Cdr,  USACSTA 

ATIN:  STECS-PQ/R.  Hendricksen 


ImCKTIONALLY  LEFT  BLANK. 
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USER  EVALUATION  SHEET/CHANGE  OF  ADDRESS 


This  Laboratory  undertakes  a  continuing  effort  to  improve  the  quality  of  the  reports  it  publishes.  Your 
cotnments/answers  to  the  items/questions  below  will  aid  us  in  our  efforts. 

1.  ARL  Report  Number  ARL-TR-4A6 _ Date  of  Report  _ 

2.  Date  Report  Received _ 

3.  Does  this  report  satisfy  a  need?  (Comment  on  purpose,  related  project,  or  other  area  of  interest  for 

which  the  report  will  be  used.) _ 


4.  Speci.  y,  how  is  the  report  being  used?  (Information  source,  design  data,  procedure,  source  of 
ideas,  etc.) _ 


5.  Has  the  information  in  this  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  doUars  saved, 
operating  costs  avoided,  or  efficiencies  achieved,  etc?  If  so.  please  elaborate. _ 


6.  General  Comments.  What  do  you  think  should  be  changed  to  improve  future  reports?  (Indicate 
changes  to  organization,  technical  content,  format,  etc.) _ 


Organization 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City.  State.  Zip  Code 

7.  If  indicating  a  Change  of  Address  or  Address  Correcticm,  please  provide  the  Current  or  Correct  »ldtess 
above  and  the  Old  or  Incorrect  address  below. 


Organization 


OLD  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


City,  State,  Zip  Code 


(Remove  this  sheet,  fold  as  indicated,  tape  closed,  and  mail.) 
(DO  NOT  STAPLE) 


Departwent  of  the  Army 


OFROAL  BUSinESS  ' 


Hill 


BUSINESS  REPLY  BtUL 

HRST  CUSS  fSWT  Ih  0001.  tfS,  «D 

Bostaft  ht  saitf  by  •Mtnsa*. 


Oirector 

U.S.  Army  Researdi  Laboratory 
ATTN:  AMSRL-OP-CI-B  O'ech  Ub) 
'Aberdeen  Prov^  Grcwnd,  MD  21005-5066 


NO  ■•CSTACI 
NCCISSAMV 
IF  MAILSO 
IN  THf 

UNITKO  STAH 


